E1ementspecific magnetic hysteresis measurements on heteromagnetic materials have been achieved by using circularly polarized softx-rays. Dramatically different Fe and Co hysteresis curves of Fe/Cu/Co trilayers were obtained by recording the magnetic circular dichroism (MCD) at their respective L white lines as a function of applied magnetic field. The data resolve the complicated hysteresis curves, observed by conventional magnetometiy, and determine the individual magnetic moments for the Fe and Co layers. Fine hysteresis features, imperceptible in the conventional curves, were also observed, demonstrating a new application of circularly polarized softxrays in the investigation of magnetic systems.
INTRODUCTION
Recent advances in circularly polarized synchrotron radiation in the soft-x-ray spectral region have provided new opportunities in magnetism research.1 Several soft-x-ray magnetic circular dichroism (MCD) experiments have been conducted, demonstrating a powerful new technique for studying magnetic materials.15 As a continuing effort to explore the applications of circularly polarized soft-xrays, we have recently embarked on the development of elementspecific magnetic hysteresis measurements on heteromagnetic systems.
The most fundamental characterization of a magnetic material is its magnetization as a function of applied field. This yields not only the magnetic moment, but also provides valuable information on the magnetic anisotropy and coupling between the magnetic elements of the material. 6 From the hysteresis of the measurement, one can extract important secondaiy properties, such as the coercive field and the remnant magnetization, which depend upon details of domain formation and reversal. 6 Until now, all magnetic hysteresis curves have been obtained by techniques which probe the overall magnetic behavior of the sample, such as in various magnetometries,6 magneto-optical Kerr effect,79 and spin-polarized photoemission measurements.10 For magnetic systems containing more than one magnetically active element, i.e. heteromagnetic systems, element specific magnetic hysteresis measurements should provide novel information that is unobtainable by these conventional hysteresis measurements.
In this paper, the experimental results of the Fe/Cu/Co magnetic multilayer system are presented to demonstrate the feasibility of, and the procedure for, element-specific magnetic hysteresis measurements. The applications of these measurements in magnetism research are briefly discussed.
EXPERIMENTAL SETUP
The measurements were conducted at the AT&T Bell Laboratories Dragon beamline at the National Synchrotron Light Source.12 The monochromator set up for soft-x-ray magnetic circular dichroism measurements has been described revius1'12 The photon energy resolution was set at 0.4 eV, and the degree of circular polarization was set at 77% to optimize the circular dichroism signaWo.noise rati12 The hysteresis measurements were performed using a compact, liquidnitrogen-coo1ed, UHV compatible electromagnet which can be scanned using a computer-controlled bi-polar current power supply. For these measurements, the magnetic field was parallel to the sample surface as depicted in Fig. 1 . The angle of the incident beam (labeled as hv in Fig. 1 ) is fixed at 45°with respect to the surface normal, and the absorption spectra were recorded by monitoring the soft-xray fluorescence yield (labeled as hv' in Fig. 1 ) with a high sensitivity 7 element germanium detector. The use of the fluorescence yield method is essential for measuring the MCD spectra in an applied field, and because its large probing depth, -ioooA, allowsthe investigation of buried layers.
To demonstrate the essential features of element specific magnetic hysteresis measurements, two Fe/CU/CO trilayer structures were grown by evaporation onto glass substrates held at elevated temperatures. The elemental atomic concentrations present in the two trilayer films were determined by hardxray fluorescence to correspond to film thickness of Fe(102A)/ Cu(30A)/Co(51A), to be referred to as the thick Fe/Cu/Co trilayer sample, and Fe(53A)/ Cu(30A)/Co(64A), to be referred to as the thin Fe/CU/Co trilayer sample. Both samples were capped with an additional 40A Cu layer to protect them from oxidation. hv' 
MAGNETIC CIRCULAR DICHROISM MEASUREMENTS
Prior to element specific magnetic hysteresis measurements, high quality magnetic circular dichroism spectra of each magnetically active element in the system were required to locate the energy positions of the absorption white lines and to assess the strength of the MCD signal. Figure 2 shows the Fe and Co L normalized fluorescence yield soft-x-ray absorption spectra of the thick Fe/Cu/Co trilayer sample. The solid (dashed) lines were taken with the projection of the spin of the incident photons parallel (anti-parallel) to the spin direction of the majority 3d electrons. These spectra were measured by alternating between oppositeapplied saturating magnetic fields, 0.7 KOe, at each photon energy while the SPIE Vol. 2010 X-Ray and Ultraviolet Po!arimetry (1993) / 175 hv / circular polarization was held constant. Measurements taken with constant magnetic field and alternating circular polarization, using the two'beam configuration of the Dragon beamline and its fast insitu photon chopper, have shown nearly identical sLrl2 The peaks labeled as L3 and L2 in the figures are the 2p3 -, 3d and 2p1, -3d soft-x-ray absorption white lines. After being normalized by the incident photon beam intensity, the spectra show virtually no MCD effect at photon energies below the L3 and well-above the L2 white lines. To help quantify the MCD effect of the L3 white lines, the vertical scales are labeled such that the baseline and the mean value of the two L3 peakheights are equal to 0 and 50, respectively. In the following discussion, we define MCD and XAS intensities as (1-1) and respectively, where It and I are the measured fluorescence yields for parallel and anti-parallel electron-photon spin alignments.
Correcting for the incomplete circular polarization (77%) and the incident photon angle (45°), the corrected spectra (a multiplicative factor of l/(0.77xsin45°)) show giant L3 MCD to XAS peak height ratios of 35%forFe and 26% for Co. 
MAGNETIC HYSTERESIS MEASUREMENTS
It has been demonstrated both experimentally15 and theoretically'3'4 that for a given sample the MCD to XAS ratio of the white lines of each element in a given site is proportional to the average magnetic moment (i.e. the magnetic ordering) in that site. Based on this, one would expect to measure element specific magnetic hysteresis curves by recording the peak height of a given elemental white line as a function of applied magnetic field. The top panel of Fig. 3 shows the results of such measurements taken with the photon energies tuned at the Fe and Co L3 white lines, respectively. The measured peak heights were plotted relative to their mean value and scaled to span from -ito +1, i.e. Although the Fe hysteresis loop is representative of a single film, the fine structure observed at low field in the Co hysteresis loop clearly demonstrates that the Co film has two distinct components. The onset of this feature corresponds exactly with the switching of the Fe film, demonstrating that the Fe film and a fraction of the Co film are magnetically coupled. The most probable cause of this coupling is that the Cu interlayer is not complete, resulting in direct contact between the Fe and Co films via pinholes through the interlayer Cu film. The strong dipole coupling generated by the intimate contact between the Fe film and a small portion of the Co film results in identical switching fields. A similar SP1E Vol. 2010 X-Ray and Ultraviolet Polarimetry (1993) / 177 square hysteresis loop with a coercive field of 38 Oe and a saturation field of -100 Oe, the Co layer shows a less abrupt hysteresis loop with a larger coercive field of 201 Oe and a saturation field of450 Oe. It was found that, regardless of the photon energy chosen, the functional form of the measured hysteresis curves is always nearly identical, as long as there is sufficient MCD signal to measure with. This implies that the peak height method gives the same results as the much more tedious and difficult peak area method. occurred. For an inter-diffused region, the hysteresis curves of the Fe and Co would be identical, as observed in our measurements of FeCoi alloy thin films which displayed identical Fe and Co hysteresis curves. Although we can not completely rule out this possibility, the inter-diffusion is unlikely because the temperature required for it to occur is well above the low sample growth temperature (170° C) used here.
These fine hysteresis features, imperceptible in the VSM data but observed in the elementspecffic measurements, have important ramifications for understanding other phenomena involving magnetic heterostructures, particularly the giant magnetoresistance (GMR) effects for which multilayer systems have been used to measure the overall conductivity difference between magnetically aligned and antialigned film structur'5'8 For the trilayer illustrated here, we see that a fraction ofthe Co film is always aligned vith the Fe film, thus reducing the measured GMR effect. These element.specffic measurements serve as an excellent probe for interfacial coupling and could play an important role in understanding these effects in GMR structures.
To appraise how well the elementspecffic magnetic hysteresis curve represents the magnetic moment of a given element, the bottom panel of Fig. 3 shows the comparison between the measured conventional hysteresis curve obtained using a vibrating sample magnetometer (solid line labeled VSM) and its leastsquares-best4it linear combination of the Fe and Co hysteresis curves (dashed line labeled as Fe+Co). The fit to the VSM data by the Fe+Co curve can be obtained by multiplying the individual Fe and Co curves ofthe top panel by the total number ofFe and Co atoms and by their respective elemental magnetic moments, then summing them. If the total number of Fe and Co atoms is known (in this case, experimentally determined by hardx-ray fluorescence), then the fit determines the elemental magnetic moments. Our bestfit determined average magnetic moments of 2. 1±0.08 B per Fe atom and 1.2±0.05 'B per Co atom for the thick Fe/CU/CO sample, giving saturated total moments of l.72xIO3 and O.5lxlO3 emu for the Fe and Co layers, respectively. Also shown in the bottom panel are the constituent Fe and Co hysteresis curves of the best-fit, obtained by multiplying these total moments by their respective curves shown in the top panel. The resulting Fe+Co cwve is in excellent agreement with the VSM curve, proving that the abrupt low field region ofthe VSM curve measures the switching ofthe Fe layer, and the more gradual transition region measures the switching of the Co layer.
To investigate whether this linear combination procedure is applicable to films of different layer thickness, the top panel ofFig. 4 shows the L peak height measurements of the thin Fe/CU/Co trilayer sample. Except for some minor but interesting changes, these curves are qualitatively similar to those of the thick sample, a square loop for Fe and a rounded loop for Co. The bottom panel of Fig. 4 shows the comparison between the VSM and its least-squares-best-fit Fe+CO curves. Although there are minor discrepancies between the two curves, the overall agreement is very good. The thin Fe/CU/CO trilayer sample was found by VSM to exhibit a significant in-plane Uniaxial magnetic anisotropy, resulting in a substantial variation in the hysteresis loop with sample azimuthal rotations. These minor discrepancies could be due to a slight mis-alignment ofthe in-plane crystalline axis with the applied field direction in the MCD measurements. Our best-fit determined average magnetic moments of 2.0±0.08 B per Fe atom and 1. 1±0.04 l'B per Co atom for the thin Fe/CU/CO sample, giving saturated total moments ofO.85xlO3 and O.57xlO3 emu for the Fe and Co layers, respectively. While the Fe moments of 2. 1 and 2.0 B determined for these two films are close to the bulk Fe moment of 2.2 PB the Co moments of We emphasize that the linear combination procedure presented above does not require absolute MCD or XAS measurements. Only the functional form of each individual hysteresis curve is needed. For heterostructures which have more than one layer containing identical elements, e.g. the Fe\Cr\Fe trilayer system, one could still obtain the functional form of the hysteresis curve of each layer by measuring the MCD of different magnetic trace elements intentionally doped into different layers, e.g. Ni for one Fe layer and Mn for the other. The trace element should display a hysteresis functional form identical to its parent layer, as demonstrated by our measurements of FeCo1.. alloys. In addition, these trace elements can be selectively placed in different regions of the film (e.g. near an interface, at the film center, near the surface) to monitor the variation of the magnetic direction and moment intensity with position within the film. 
CONCLUSIONS
In conclusion, we have demonstrated the feasibility of element-specific magnetic hysteresis measurements on heteromagnetic materials. Fe and Co individual hysteresis curves of Fe/Cu/Co trilayers were obtained, using the soft-xray magnetic circular dichroism technique. A linear combination procedure has been presented to resolve the complicated conventional hysteresis curve and to determine the average magnetic moment for each individual element. Interesting hysteresis features, imperceptible in conventional measurements, were observed, providing fingerprints of inter4ayer magnetic interactions in this trilayer system. This new technique of element-specific magnetic hysteresis measurements provides a powerful means for studying heteromagnetic materials, particularly for multilayer systems.
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